for coupling the atmosphere and ocean. During periods of increased heat transport in the ocean, these regions show decreased sea-ice, leading to increased fluxes and local temperatures, and giving rise to a thermal low-pressure center and a non-local high-pressure centre, thus changing the atmospheric flow on multi-decadal timescales.
Introduction
The meridional transport of heat, through the atmosphere and ocean, is a basic component for maintaining Earth's climate. It transports the energy entering at the top of the atmosphere (TOA) from the tropics to the polar regions, where longwave radiation to space allows the climate system to cool. Understanding the decadal to multi-decadal changes in these transports provides insight into the natural variability of the climate system. While the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR5) states that there is very high confidence that industrial-era natural forcing is a small fraction of the anthropogenic forcing (Myhre et al. 2013 ), a good understanding of natural variability is still required in order to determine the proportion of the observed change that is attributable to anthropogenic forcing.
In 1964, Jacob Bjerknes proposed that large anomalies in the atmospheric heat transport should be balanced by opposing variations in the oceanic heat transport (Bjerknes 1964) ; a process later named Bjerknes compensation (BC) . This comes about by assuming that the top-of-the-atmosphere fluxes and the ocean heat content are approximately constant, and consequently the total energy transport in 1 3 the climate system should also be approximately constant. The sparse nature of oceanic measurements makes it difficult to accurately determine the variability in the oceanic energy transport, which would be required to directly identify BC in observations. Work by Sutton (2004, 2006) investigated BC in the pre-industrial control run of the Hadley Centre coupled climate model, HadCM3. They found that on inter-annual timescales the variability in the heat storage played a key role in the heat budget of the upper ocean, thus reducing the connection between the oceanic energy transport and the surface heat fluxes that would influence the atmosphere. On decadal timescales however they clearly identified BC, finding a strong anticorrelation between the anomalies of heat transport in the atmosphere and ocean. They also showed that the compensation was strongest in the mid-to high-latitudes, peaking at around 70 N. At these latitudes, much of the variability of the heat transports was confined to the Atlantic sector, and they went on to show the relationship between BC and the variability of the Atlantic meridional overturning circulation (AMOC) in the HadCM3 model. Van Der Swaluw et al. (2007) expanded on the work of Shaffery and Sutton by formulating a quantitative measure of BC, the Compensation Rate (CR), and by investigating the mechanism through which BC occurs in the model. They found that increased ocean heat transport caused an increase in SSTs and a decrease in sea ice coverage in the Greenland and Norwegian Seas. They proposed that the resulting increase in air-sea surface heat flux caused a decrease in the meridional temperature gradient in the atmosphere, thereby reducing the poleward heat transport.
More recently, work by Jungclaus and Koenigk (2010) has examined BC in the control run of a second model, ECHAM5/MPIOM (European Centre for medium weather forecast-HAMburg/Max-Planck-Institute Ocean Model). They also found that the atmosphere responded to changes in the ocean heat transport, although the compensation was weaker. Their work related changes in the large-scale flow patterns to long-term changes in the CR, and determined that the compensation mechanism was associated with an AO-like pattern in sea-level pressure in the ECHAM5 model. They note that the degree of compensation determines the heat transport anomalies available to modulate the climate at high latitudes, and suggest that the atmosphere and ocean must act in concert (i.e. not compensating one another) to cause drastic warming or cooling, e.g. the early twentieth century warming, an idea shared by Held (2001) and his model of heat transport in the tropics.
Other studies have examined Bjerknes compensation using alternative approaches. Farneti and Vallis (2013) investigated heat transports in the atmosphere and ocean using a hierarchy of models, including the climate models, GFDL CM2.1. Unlike previous studies, Farneti and Vallis (2013) averaged their heat transports over 20-70 N, thereby merging the signals in the mid-and high-latitudes. Bjerknes compensation was identified in CM2.1 but was weaker than in previous studies, which had focused on the single latitude of peak compensation. Their work focused on the relationship between their signal for the Northern Hemisphere and the variability in the Atlantic meridional overturning circulation. Bishop et al. (2015) identified Bjerknes-like behavior in the North Pacific. However, as the authors state, it is not true BC since it is limited to a local scale balance. Yang et al. (2013) used the Fast Ocean-Atmosphere Model, a general circulation model with low-resolution atmosphere and medium resolution ocean, to perform water-hosing experiments. By applying fresh water in the high latitude North Atlantic, they investigated how the atmosphere and ocean heat transports changed and hence how they compensated for one another. They found freshening the North Atlantic caused the Southern Hemisphere to warm leading to a shift in the atmospheric heat transport through atmospheric cells. A follow-up paper by Yang et al. (2015) decomposed the heat transports in the atmosphere and ocean into individual components. They confirmed that the atmospheric and oceanic heat transports showed significant anti-correlation, but this was not investigated further in their study. Liu et al. (2015) also employed an energy balance model to investigate the role of climate feedbacks on shaping the BC. Their work suggested that in their model, the compensation was bounded between a minimum that occurred at planetary scales and a maximum of perfect compensation that occurred at small scales. However, as they state, further work is needed to understand BC in more complex climate models or in the climate system itself.
This work identifies Bjerknes compensation in the Bergen Climate Model (BCM) pre-industrial control run for CMIP3. As with previous studies, this work focuses primarily on the Northern Hemisphere where the strongest compensation is found, allowing for comparison with the findings of those previous works and the highlighting of the notable differences found in the BCM. The model and calculations are explained in the next section, with an overview of the model results given in Sect. 3. Section 4 identifies the BC signal and compares it with other studies, while Sect. 5 examines the response in the atmosphere and ocean to this multi-decadal signal. Finally, Sects. 6 provides discussion and conclusions.
Model description and data analysis
This work examines decadal variability of the energy transport in the atmosphere and ocean of the 600 year pre-industrial control run of the Bergen Climate Model, the initial conditions for which were obtained from the end of an 80-year model spin up integration. The BCM is a global, fully-coupled, atmosphere-ocean-sea-ice general circulation model, which was used to produce simulations for the Coupled Model Inter-comparison Project (CMIP) (Covey et al. 2003) . While a more complete description of the model is given in Furevik et al. (2003) , a brief description of the major features is given here.
The atmospheric component of the BCM is the atmospheric general circulation model ARPEGE version 3 from METEO FRANCE (Deque et al. 1994) . This is a hydrostatic, spectral model with semi-Lagrangian two-time level integration. For the control run discussed here, the atmospheric model was run on a linear grid with a truncated wave number of T L 63 and 31 vertical hybrid levels that extend up to 10 hPa. Strong horizontal diffusion at the top of the model avoided the problem of spurious reflections.
The ocean component of the BCM is a modified version of the Miami Isopycnic Coordinate Ocean Model (MICOM) (Bleck et al. 1992 ). The MICOM model uses potential densities with reference to the surface pressure and, in the present control run, 35 vertical layers were used. The ocean grid had an almost regular horizontal grid spacing of 2.4° due to the placement of the poles over central Siberia and central Antarctica. The grid was gradually reduced in the meridional direction to 0.8° along the equator in order to better resolve the dynamics close to the equator.
In the BCM, the sea-ice model is an integrated part of the ocean model, consisting of one ice and one snow layer, assuming a linear temperature profile in each layer. The coupler between the atmosphere and ocean models is the Ocean Atmosphere Sea-Ice Soil (OASIS) coupler, through which the two models exchanged information once per day.
Despite the constant forcing being applied to the climate system in the model throughout the pre-industrial control run, it still experiences a steady drift. This is due to the GCM not being in complete equilibrium. The globalmean sea surface temperature undergoes a small but steady increase over the whole integration of the run, with an overall trend of about 0.03 K per century. This is due in part to a net imbalance at the top of the atmosphere between the incoming shortwave and outgoing longwave radiation of around 2.5 Wm . However, only a small part of this imbalance transfers to the surface because the atmospheric dynamics within ARPEGE do not conserve energy (Otterå et al. 2009 ). The other possible mechanism for causing drift in the sea surface temperature is the long term feedback from the deep ocean, which will take centuries to come into equilibrium.
The sea surface salinity exhibits a steady increase of around 0.02 psu per century over the 600 year period. Much of this trend is balanced by growth of the ices sheets over Greenland and Antarctica as the model lacks a calving scheme that would otherwise freshen the global ocean in the model (Otterå et al. 2009 ). Combined with the non-closure of water cycle budget in the model, this leads to a small but steady increase in mean global salinity. Arctic sea-ice area over the 600 years, which is of relevance for BC and will be discussed later, shows little to no change over the model integration period. The Atlantic meridional overturning circulation shows both interannual and multi-decadal variability with a mean of about 20 Sv over the 600 years. The annual mean of these five diagnostics from the model are shown Supplemental Figure S1 . A more detailed discussion of the model biases, along with an in depth breakdown of the model's ocean transports, has previous been given in Otterå et al. (2009) .
The calculations of meridional atmospheric and oceanic heat transports follow the formulation of Shaffery and Sutton (2006) . The implied meridional heat transport in the oceans, H O , is derived by integrating the divergence of the zonally integrated surface flux into the ocean from the atmosphere, F sfc , minus the time derivative of the ocean heat content (O HC ). The implied meridional atmospheric heat transport, H A , is found by integrating the sum of the divergences of the zonally integrated heat fluxes at the surface, F sfc , and the top of the atmosphere, F toa , thus:
Monthly model output was used to calculate these heat transports, and an 11-year running mean was applied to smooth the data and emphasize the decadal variability, as in the work of Jungclaus and Koenigk (2010) . The time derivative of the ocean heat content was calculated using the full depth of the ocean. Farneti and Vallis (2013) stated that the total meridional energy transport is not fixed a priori, thus to elucidate the quasi-constant nature of the compensation, they defined a total or planetary energy transport (H P ) as follows:
Given the association found in previous studies between Bjerknes compensation and the Atlantic meridional overturning circulation, the implied meridional heat transport in the ocean was also calculated for just the Atlantic sector, H OAt . This was done using the mask of ocean fraction that has been modified to create artificial boundaries for the Atlantic extending south from the southern tips of Africa and South America, and extending north from Novaya Zemlya (Supplemental Figure S2 ). It should be noted that the Nordic and Barents Seas were included in the Atlantic sector as defined by this mask due to their importance for the transportation of heat out of the Atlantic and into the Arctic (Smedsrud et al. 2013 ).
(1)
The Compensation Rate (R C ) is used in this work as a measure of the strength of the compensation between the heat transports in the atmosphere and ocean. The R C was defined by Van Der Swaluw et al. (2007) as a percentage of the maximum local transport as follows:
where dH denotes the anomaly of the respective heat transport compared to the time mean for each latitude.
Heat transports in the BCM
Part of Bjerknes's original proposal included the assumptions that the flux at the top of the atmosphere did not vary greatly and that the ocean heat content remained approximately constant. To examine the first of these assumptions, the variance of the decadally smoothed anomalies of the zonally averaged net surface and top of atmosphere (TOA) fluxes are compared in Fig. 1 . This shows that in the extra tropics, the variations in the surface fluxes were far greater than those of the TOA fluxes. This was not the case in the tropics where the variations in the TOA fluxes were comparable to those of the surface fluxes. A similar finding was (3)
made by Shaffery and Sutton (2006) and our findings for the BCM support their idea that BC might not be an appropriate model for the tropics as Bjerknes's first assumption only holds for the mid-to high-latitudes.
To confirm the second assumption, the spread in the rate of change of ocean heat content was compared to the spread in the surface fluxes (Fig. 2) . The time derivative of the ocean heat content shows a narrow, Gaussian distribution centered on 0 PW, indicating that the ocean heat content is approximately constant and that the second assumption is reasonable. It should be reiterated that while the ocean heat content is approximately constant on decadal time scales, Sutton (2004, 2006) demonstrated that it may not be so on annual timescales. Figure 2 illustrates that most of the variability in the oceanic heat transport comes from the surface fluxes, as shown by the similarity of their distributions, suggesting that the conditions in the atmosphere must be suitable so as to trigger these large fluxes. The ocean heat transport and the surface fluxes have a broadly tri-modal pattern due to the strong and sharply defined regions of the ocean boundary currents.
Using Eq. (1), the mean atmospheric and oceanic heat transports have been calculated. From this point we focus primarily on the Northern Hemisphere where the strongest compensation is found. This also facilitates comparison to previous studies, which also focused primarily on the Northern Hemisphere. The heat transports for the Northern Hemisphere as a function of latitude is shown in Fig. 3 . In PW at 40 S. They also examined the National Centers for Environmental Prediction/National Centre for Atmospheric Research (NCEP/NCAR) reanalysis where they found a peak atmospheric heat transport of around 5 PW in the Northern Hemisphere. While this is more comparable to the peak transports found in ECHAM5 by Jungclaus and Koenigk (2010) , which exceeded 5 PW at 41 N, it is appreciably larger than the 3.8 PW peak found in HadCM3 (Van Der Swaluw et al. 2007) , and is comparable to the 4.5 PW peak found CESM 1.0 by Yang et al. (2015) . The mean ocean heat transport in the BCM reaches a maximum of 2.2 PW at 17 N. This is higher than the 1.4 PW in HadCM3, 1.6 PW in ECMWF, 1.8 PW in CESM 1.0, and 2.1 PW in NCEP/NCAR (Van Der Swaluw et al. 2007; Trenberth and Caron 2001; Yang et al. 2015) . In ECHAM5, the oceanic heat transport into the Arctic was almost entirely confined to the Atlantic sector where it reached 1.2 PW, and again the ocean heat transport in BCM is higher (Jungclaus and Koenigk 2010) . At around 70 N, where previous studies have found a maximum in the BC, the ocean heat transport is 0.24 PW. This compares well to the ECHAM5 model that has an ocean heat transport of around 0.28 PW at this latitude. Oliver and Heywood (2003) estimated the true ocean heat transport to be 0.2 ± 0.08 PW by examining a cross section in the Greenland Sea, extending from 65 to 77 N. In summary, the heat transports in the atmosphere and ocean in the BCM are comparable to those found in the HadCM3 and ECHAM5 global climate models, the ECMWF and NCEP/NCAR reanalyses, and the ocean observation-based estimates from Oliver and Heywood (2003) . As found by Farneti and Vallis (2013) , the planetary heat transport, HP, is positively correlated with HO, and the variability in HP is far smaller than the variability in either HA or HO (RMS variability of 0.28 PW in HP compared to 2.56 PW and 1.08 PW in HA and HO respectively).
Identification of Bjerknes compensation
In the BCM, the mean compensation rate, calculated from Eq. 3, peaks at approximately 36% close to 70 N (Fig. 3) . For comparison, the compensation rate in HadCM3 was 55% at 70 N, and in ECHAM5 was 28% at 70 N (Van Der Swaluw et al. 2007; Jungclaus and Koenigk 2010) . This demonstrates that the strongest compensation between the anomalies of the atmospheric and oceanic heat transports occurs at around 70 N in all three models. The correlation between the heat transport in the ocean when calculated globally (H O ) and when calculated for the Atlantic sector alone (H OAt ) is also given in Fig. 3 . The bold lines shows Fig. 3 (Top) where the correlation is significant after accounting for the autocorrelation in the global and Atlantic ocean heat transports. The plot shows significant correlation between approximately 40 and 75 N, indicating that at mid-to high-latitudes, most of the variability in H O comes from the Atlantic sector. This is especially true at around 70 N. Therefore, to examine BC in the BCM, we will focus on the compensation that occurs between the global atmosphere and the ocean in the Atlantic sector. However, the results of a parallel analysis using the globally calculated H O are given in the supplemental information and show very similar findings. Figure 4 shows the lag-correlations between H A and H OAt for the mid-and high-latitudes of the Northern Hemisphere. The strongest anti-correlation occurs at 73 N and with the ocean leading the atmosphere by 1 year. This is slightly further north than in HadCM3 or ECHAM5 that both had a maximum around 70 N, however they did show a similar leading of the ocean by around 1 year ( Van der Swaluw et al. 2007; Jungclaus and Koenigk 2010) . At decadal timescales, Bjerknes suggested that the ocean should drive the atmosphere through air-sea fluxes (Bjerknes 1964 ). This has recently been shown to be the case in observations from the North Atlantic, especially in the wintertime (Gulev et al. 2013) . A similar lag-correlation plot between H A and H O is shown in Supplemental Figure S3 . For the globally calculated H O , the peak correlation again occurs at 73 N and with a 1-year lag between the ocean and the atmosphere.
The anomalies of H A and H OAt at 73 N for the 600 years of the model run are shown in Fig. 5 with the 1 year lag applied. The strong anti-correlation (R = −0.89, p < 0.05) between the two heat transports highlights how the variations in the atmospheric heat transport compensate for the variation in the oceanic heat transport, and vice versa. This is in agreement with the proposed mechanism for Bjerknes compensation that the anomalies of heat transported around the climate system by the atmosphere and ocean should be equal and opposite. It is interesting to note that while the mean heat transports in the atmosphere and ocean at 73 N are 1.17 and 0.21 PW respectively, the anomalies in these heat transports have approximately the same magnitude. This means that in the atmosphere, the anomalies are approximately 1% of the mean heat transport, while in the ocean the anomalies are approximately 10% of the mean heat transport.
Also apparent in Fig. 5 is the 50-65 year oscillation (confirmed with Fast Fourier Transform) present for much of the time. Similar multi-decadal oscillations were seen in the ECHAM5 and HadCM3 models. While the anomalies of atmospheric and oceanic heat transport are opposed to each other much of the time (86%), there are brief periods when they have the same sign and thus complement one another. These periods are all short lived and generally occur when changing from one heat transport being dominant to the other. This highlights the unstable nature of the situation where the atmosphere and ocean compliment one another in terms of heat transport anomalies.
All of the features discussed here are similar when the globally calculated H O is examined ( Supplemental Figure S4 ), e.g. the multi-decadal oscillation is still present, the anti-correlation peaks at 73 N and is still strongly correlated (R = −0.88, p < 0.05). This pronounced and significant negative correlation that characterizes the Bjerknes compensation found in the BCM is also found in HadCM3 (R = −0.84) (Van Der Swaluw et al. 2007) , and in ECHAM5 (R = −0.62) (Jungclaus and Koenigk 2010) . Farneti and Vallis (2013) found a weaker anti-correlation (R = −0.52) in the CM2.1 model; however, they compared the heat transports when averaged over 20 N to 70 N, thereby merging the mid-latitude and high-latitude signals. When applying a similar averaging to the BCM, the correlation drops to R = −0.46, which is comparable to the findings of Farneti and Vallis (2013) .
Given that the heat transports are properties of the Earth system and that an 11-year smoothing has been applied, it is reasonable to assume that these fields will show significant autocorrelation. This can artificially increase the correlation by reducing the degrees of freedom, which for a two-tailed t test are given by the number of independent observations. Following Zeiba (2010) , the effective number of observations is given by:
where n is the number of observations and ρ k is the autocorrelation at lag k. Using this effective number of observations, we calculate the bound of significant correlation to be approximately R = 0.37, at the 95% level.
Atmospheric and oceanic response
Thus far we have established that Bjerknes compensation does exist in the pre-industrial control run of the Bergen Climate Model, that the BC signal is strongest around 70 N, and that most of the variability in the ocean at this latitude is from the Atlantic sector. In this section, we will examine the regional response in the atmosphere and ocean to this multi-decadal oscillation in heat transport anomalies by regressing the time series of BC shown in Fig. 5 onto maps of various atmospheric and oceanic fields. To facilitate this, we will consider the situation when the BC is in the phase of a positive heat transport anomaly in the Ocean. When the ocean in the Atlantic sector is transporting more heat towards the high latitudes, there is a reduction in the sea-ice concentrations in the Greenland and Barents Seas (Fig. 6) , which both have a large area of marginal ice zone (MIZ) in the BCM. The reduced sea-ice cover results in increased heat flux from the ocean to the atmosphere. A small change in the flux is also visible near the Bering Strait as this is also a MIZ region. Two bands of changes in fluxes are also visible in the storm track regions of the Atlantic and Pacific. Both extend eastward, from Newfoundland and the coast of Japan respectively, and both consists of a band of increased fluxes north of a band of decreased fluxes, suggesting that there is a small northward shift in the storm tracks in these locations. However, the highest responses in air-sea flux are confined to the Greenland and Barents Seas. These strong fluxes cause a pronounced rise in the local surface air temperature (Fig. 6) . Figure 6 underlines the importance of the MIZ as being the main location where heat anomalies in the ocean can cause such a strong response in the atmosphere. When the globally calculated H O is regressed onto the same fields, a very similar pattern is observed (Supplemental Figure S5) . The responses in sea-ice, surface fluxes, and surface air temperatures are still restricted to the Greenland and Barents Seas, with little to no response observed in the Pacific sector. Previous studies have also identified the Greenland and Barents Seas as being the locations with the strongest atmospheric response (Van der Swaluw et al. 2007; Jungclaus and Koenigk 2010) . For sea-ice concentration, the response in HadCM3 was centered in the Greenland Sea between Svalbard and Greenland, with a smaller response limited to the northwestern sector of the Barents Sea (Van der Swaluw et al. 2007, their Figure 8 ). In ECHAM5, the sea ice response was centered in the northeastern Barents Sea, with a weaker response extending south through the western Barents Sea and east and south through the Greenland Sea (Jungclaus and Koenigk 2010, their Figure 6d ). ECHAM5 also showed some response in the Kara Sea, which is not seen in either the HadCM3 model or the BCM. The differences in location of response of sea-ice concentration, and hence surface fluxes and surface air temperature, are attributable to the differences in location of the MIZ between the models.
There is a strong relationship between the BC signal and the heat anomalies in the North Atlantic. This can be seen in the correlation of BC and the Atlantic Multidecadal Oscillation (AMO) index defined as the areaweighted average sea surface temperature (SST) over the North Atlantic between 0 N and 70 N. The AMO index is strongly correlated with H OAt at 73 N, reaching a peak correlation of R = 0.41, p ≤ 0.05 when the AMO leads H OAt by 2 years (Fig. 7) . As the ocean currents transport a positive heat anomaly northwards from the mid-latitudes to the Greenland and Barents Seas, the SST and surface air temperature (SAT) will be in local equilibrium for much of the distance. This small temperature difference constrains the flux of heat from the anomaly into the atmosphere. The presence of sea-ice at high latitudes causes a decoupling of the SST and SAT, but as the heat anomaly reaches the Greenland and Barents Seas, it causes a reduction of the sea-ice cover and exposes the heat anomaly to the cold Arctic air. The large difference in SST and SAT triggers large heat fluxes from the ocean to the atmosphere. Hence it is the locations where the warm ocean currents meet the MIZ that the strongest responses in the atmosphere are seen.
To investigate the atmospheric response to localized heating over the Greenland and Barents Seas, the BC signal, taken here as the variability of ocean heat transport, is regressed onto the sea level pressure (Fig. 8) . As the large-scale response in the atmosphere may be outside of the mask used to create H OAt , H O is used instead of H OAt , however the results of regressions using either H O or H OAt are very similar, as demonstrated by comparing Fig. 6 and Supplemental Figure S5 . Lead-lag analysis was undertaken to determine that the strongest response is found when the ocean heat transport leads the sea level pressure by 2 years, indicating that the pattern shown in Fig. 8 is the atmosphere responding to increased ocean heat transport. During periods of anomalously high meridional heat transport in the ocean, a thermal low is found over the Barents Sea. There is also a high-pressure centre found over northwestern Greenland that extends south along the west coast of Greenland and over the Labrador Sea. Since no response was seen previously over this region in the regressions of sea-ice concentration, SAT, and surface fluxes (Fig. 6) , this high-pressure center is a non-local response to the heating anomalies in the Greenland and Barents Seas.
A study by Kaspi and Schneider (2011) demonstrated with an idealized general circulation model that localized ), and 0.1 (K) respectively, per standard deviation of H OA . White regions are below the 95% significance level heating of the atmosphere gives rise to stationary high and low pressure centers to the west and east of the heating respectively. This is similar to the response seen in Fig. 8 around the heating in the Greenland Sea. Their findings suggested that there should be a pronounced cooling to the west of the region of heating under the high-pressure center. The regression of SAT in Fig. 6 does show a small, but significant cooling located over northern Greenland under the core of the high-pressure center, in accordance with the theory proposed by Kaspi and Schneider. They proposed that these surface highs and lows are manifestations of near-stationary Rossby waves, induced by the localized atmospheric heating and propagating westwards (Hoskins and Karoly 1981; Kaspi and Schneider 2011) . When the BC signal is regressed onto the geopotential height at 500 hPa, a strong response is found over the Labrador Sea and Barents Sea, suggesting a change in the Rossby waves in these regions (Fig. 8) . However, further study is required to confirm whether or not a change in Rossby waves is induced by the oscillations of meridional heat transports.
A response to the BC signal was also identified in the North Atlantic sub-polar gyre. Following the approach used by Born and Mignot (2012) , an index for the strength of the sup-polar gyre (SPG) was created by taking the absolute value of the local minimum of the depth-integrated stream function in the sub-polar North Atlantic (Fig. 9) . Comparing this index to the heat transport anomalies in the atmosphere, H A , shows them to be robustly anti-correlated, R = −0.52 (Fig. 9) . This indicates that when the atmosphere undergoes periods of increased heat transport, the SPG is weaker. Lag correlation was undertaken to confirm that the strongest correlations between the atmosphere and the SPG were found with no lead or lag. Interestingly, while the strength of the SPG shows good correlation to H A , the oceanic heat transport anomalies, H O , show no significant correlation (R = 0.15), suggesting that the changes in the strength of the sub-polar gyre are associated with changes in the atmospheric heat transport and not the oceanic heat transport. Previous studies have shown that the strength of the sub-polar gyre is strongly influenced by the atmosphere through the surface wind stress (Curry et al. 1998; Böning . A new study is currently beginning to investigate BC in the CMIP5 models and the links to the subpolar gyre will be investigated further there.
Discussion and conclusions
We have identified Bjerknes compensation in the 600-year pre-industrial control run of the Bergen Climate Model. The strongest anti-correlation between the global atmospheric and oceanic heat transport anomalies is R = −0.89, p ≤ 0.05, with the ocean leading the atmosphere by 1 year. The mean Compensation Rate at this peak was 36%. This peak occurs at around 70 N where most of the variability is from the Atlantic sector, despite BC being a global phenomenon. As found by the previous studies with other climate models, the heat transports have a multi-decadal signal (Shaffery and Sutton 2006; Jungclaus and Koenigk 2010; Yang et al. 2015; Farneti and Vallis 2013) . The atmospheric and oceanic responses to the BC signal were explored and the marginal ice zone has been identified as a key location for the ocean to drive the atmosphere due to the break down of the decoupling effect of complete sea-ice cover. Interestingly, the sea-ice variability associated with BC is almost completely contained in the Atlantic sector, with little to no variability seen in the Pacific sector. When sea-ice cover in the Barents and Greenland Seas is reduced during periods of anomalously high ocean heat transport, strong fluxes to the atmosphere cause heating and the generation of a thermal low extending east of the region of heating with a high pressure system to the west. This pattern of low and high pressure is inline with the ideas proposed by Kaspi and Schneider (2011) , however further research is required to investigate the relationship between the variations in heat transports and the changes in the large-scale flow.
Perhaps the most important question still outstanding is does the multi-decadal signal of Bjerknes compensation exist in the real world? Jacob Bjerknes put forward the theory for Bjerknes compensation based on simple idealized energy balance arguments and this study, like those that came before it, only identify BC in model simulations, most often only in control runs which have constant forcings. In the real climate system, BC may be disrupted by any combination of forcings or patterns that exist. Currently, there are insufficient ocean observations to accurately calculate the total ocean heat transport. Bishop et al. (2015) identified Bjerknes-like compensation over the North Pacific during the wintertime in the Community Earth System Model and discuss its impact on the Kuroshio Extension. They also found similar changes to the Kuroshio Extension in the observations suggesting that Bjerknes-lke compensation may be present. However, as they state, this is not true BC given it is a localized compensation between the atmosphere and ocean.
The patterns of atmospheric and oceanic response discussed in this paper could be used to guide a search for the BC signal in the real climate system. The models indicate that there should be a multi-decadal oscillation in Fig. 9 (Top) temperature and sea ice concentration over the Barents and Greenland Seas. This is in agreement with both ECHAM5 and HadCM3. Historical observations and estimations for the twentieth Century do suggest a 60 year oscillation in the temperature over the Barents Sea (Smedsrud et al. 2013 ), but such observational records are too short to statistically confirm the presence of the signal. Klimenko (2008) examined the reports of Russian and European seafarers dating back 600 years to build a temperature reconstruction for the Eastern Barents Sea region. While this does suggest a multidecadal oscillation in temperature similar to that shown in the models, there is great uncertainty on these results. Fauria et al. (2010) created a reconstruction of sea-ice extent in the Nordic Sea using tree rings and ice cores from Svalbard that contained a statistically significant 60-80 year oscillation. Divine and Dick (2006) also identified a 60-80 year oscillation in the sea ice extent using 250 years of observations. Miles et al. (2014) extended this work to establish a signal of pervasive and persistent multidecadal (~60-90 year) fluctuations in the Greenland Sea, which reflect covariability between sea ice and Atlantic multidecadal variability as represented by the AMO index. Moreover, they provided evidence of similar covariability through a previous few centuries. The Atlantic multidecadal variability record has also been extended back for almost a century before the observational period using multiple paleo reconstructions (Svendsen et al. 2014) . This observational evidence supports recent modeling studies that have suggested that Arctic sea ice is sensitive to the anomalies of the North Atlantic ocean heat transport. Currently however, there is a lack of observations and paleo records with sufficient temporal and spatial resolution to confidently identify the Bjerknes compensation signal in the climate system. A difficulty also arises from the fact that over land, the signal is in many places above the tree line, limiting the usefulness of tree-ring paelo reconstructions in the identification of the BC signal in the real world. However, there is now active research on shrub dendrochronology that may resolve this issue (Weijers et al. 2010) . The identification of the multi-decadal variability of BC in the climate system is of socio-economic importance, not only because the natural variability may unknowingly impair the detection of anthropogenic climate change, but also because of its potential applicability to future endeavors to develop decadal climate prediction systems.
